Direct capillary nanofiltration was tested for reclamation of tertiary effluent from a municipal wastewater treatment plant. This process can be regarded as a promising treatment alternative for high quality water reuse applications when combined with powdered activated carbon for enhanced removal of organic compounds. The nanofiltration was operated at flux levels between 20 and 25 L/(m 2 h) at a transmembrane pressure difference of 2-3 bar for approximately 4,000 operating hours. The study was conducted with PAC doses in the range from 0 to 50 mg/L. The plant removal for DOC ranged from 88-98%. The sulfate retention of the membrane filtration process was between 87 and 96%. The process provided a consistently high permeate quality with respect to organic and inorganic key parameters.
INTRODUCTION
High quality water reclamation, e.g. for groundwater recharge, mostly relies on a combination of ultrafiltration and reverse osmosis (Metcalf & Eddy 2004; Bixio & Wintgens 2006) . Besides high investment costs, the UF-RO process often demands the use of chlorinated chemicals to suppress membrane fouling. Furthermore economic treatment methods for the brine containing disinfection by-products and micropollutants are still required. A process combination of powdered activated carbon (PAC) and direct nanofiltration (NF) called PAC-NF process is currently tested as process for removal of bulk organics and micropollutants from municipal wastewater treatment plant effluents for water reclamation and water reuse.
According to Meier et al. (2002) the advantages of this hybrid process over simple membrane processes are: † The adsorption with PAC provides pre-cleaning, which results in a better permeate quality concerning the organic contaminants and also in a reduced membrane fouling due to the removal of substances causing membrane fouling such as effluent organic matter (EfOM) . † The PAC acts as a filter aid and prevents potential foulants from getting into contact with the membrane. † Compared to fixed-bed adsorption, the PAC-dosage can be adjusted to the feed quality. Also the PAC is loaded before the membrane unit and in the retentate on a higher concentration level.
Especially due to advantages concerning membrane fouling the PAC-NF process has a real potential for wastewater reclamation (Meier & Melin 2005 recycling purposes such as aquifer recharge water or industrial process water.
The present study aims to investigate the performance of the PAC-NF process with low adsorbent concentrations to remove organic compounds from tertiary effluent.
Furthermore the pilot study examines the optimum long term operation conditions of the novel PAC-NF process.
METHODS

Adsorbents
Four different commercially available adsorbents were used for the study (Table 1) . Ranging from lignite coke dust (LCD) to powdered activated carbon (PAC) the adsorbents were chosen to cover a broad spectrum of quality regarding inner surface, pore size and particle size distribution as well as raw material. The powdered activated carbon used for the pilot tests was pre-moistened to a drinking water content of 50% (ETC engineering & technology consulting GmbH, Burgau, Germany) for improved handling and proper mixing. 
Membrane
The experiments are run with the capillary nanofiltration membrane NF50 M10 from Norit X-Flow (Futselaar et al. 2002 ) in a 8 00 capillary module with a capillary diameter of 1.5 mm and an membrane area of 20 m 2 . The molecular weight cut-off (MWCO) of the Norit X-Flow NF 10 M10 is 200 D.
Batch adsorption tests
The 0.45 mm filtered WWTP effluent samples with a DOC 0 of 4.5 mg/L were shaken with different PAC doses for 24 h at ambient temperature.
Pilot plant tests
The PAC-NF pilot plant treated directly the effluent from the sand filtration of the municipal WWTP Aachen Soers.
Depending on the permeate flux (20 to 25 L/m 2 h) the permeate production varied between 400 and 500 L/h. The During the 4,000 hours of operation reported subsequently Norit SAE Super was used as powdered activated carbon. Lignite coke dust will be investigated in the next period of pilot tests.
The flow sheet of the pilot plant is shown in Figure 1 .
RESULTS AND DISCUSSION
Characterization of the raw water
The raw water was characterized by a total amount of 51 composite samples taken in the period of May to December 2006. 
General operational parameter
The results and the experimental conditions are given in Table 3 and Figure 2 . and was therefore reduced to 20 L/(m 2 h). Thereafter the permeability was in the range of 7 to 8 L/(m 2 h bar).
Sulfate rejection
With an initial sulfate rejection of 96.6% the membrane has shown optimum performance. Presumably due to development of a PAC cake layer the sulfate rejection decreased by 4% after dosing of PAC and could not be recovered when PAC dosage was interrupted in phase 4. It seems that even several multi step chemical cleanings were not able to completely remove the PAC layer attached to the membrane. With continuing PAC dosage a further decline in sulfate rejection was observed with a minimum of 86% in the last period of the pilot tests.
Permeability recovery
Depending on permeability decline the module was chemically cleaned-on average every two weeks-with a multi step cleaning procedure consisting of an enzymatic, oxidative (H 2 O 2 ), acidic and caustic step.
Removal rates and permeate quality
To determine the removal efficiency, the quality of the permeate and three different removal rates are used: † membrane retention by the nanofiltration; † adsorptive removal by the adsorption on PAC in the PAC reactor; † total removal by the complete PAC-NF process.
The removal rates are calculated as follows: The membrane retention describes the performance of the membrane and thus relates to the concentration of the retentate. However the adsorptive removal and the total removal relate to the raw water. Therefore total removal is not the sum of adsorptive removal and membrane retention.
Permeate quality
The permeate produced by the PAC-NF process proved to be of very high quality with average DOC concentrations between 0.3 (PAC dose 50 mg/L) and 1 mg/L (no PAC). The dynamic of the DOC is also reflected by the COD and UVA 254 concentrations (Table 4 ). were even below the batch adsorption curve (Figure 8 ).
The impact of the PAC addition on the treated effluent has been investigated in a former study (Meier & Melin 2005 ) by means of LC-OCD (Liquid chromatography organic carbon detection) analysis which shows the different molecular mass fractions and how those are affected by the adsorbent (Figure 9 ).
CONCLUSIONS
The hybrid process of adsorption on PAC in combination with nanofiltration can be regarded as a reliable treatment concept for high quality water production and combined brine treatment similarly to the combination of a GAC filter and nanofiltration (Roorda et al. 2005) . With relatively low PAC doses of about 50 mg/L most of the EfOM can be removed. Besides the sum parameter DOC the removal of organic trace substances in the PAC-NF is of major interest as they are of concern particularly in indirect potable reuse applications (Bixio & Wintgens 2006; Ternes & Joss 2006) . Removal rates of above 90% for a broad range of key parameters prove that PAC-NF can be regarded as a promising alternative to dual membrane processes including RO, if a high degree of desalination is not required.
A rough cost estimate shows that the dosage of 50 mg/L PAC will cause additional operational costs of about 0.06 e/m 3 . As the PAC-NF process applies a low pressure membrane with an average TMP of 2 to 3 bar the combination of adsorption and subsequent nanofiltration can be expected to compete also economically with dual membrane processes.
